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Semi-inclusive Deep Inelastic Scattering (SIDIS)
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gluons = “final state interactions” — additional momentum exchange.

“Time-reversal odd TMDs” would not exist without this mechanism.
[BRODSKY,HWANG,ScHMIDT PLB (2002)] [J1,YuaN PLB (2003)] [CoLLINs PLB (2002)]



Leading-twist TMDs
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definition of TMDs

Dirac matrix I'

selects quark spin light cone coordinates
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parametrization in terms of TMDs, example
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[RALSTON, SOPER NPB 1979], [MULDERS, TANGERMAN NPB 1996]
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definition of TMDs

Dirac matrix I'
selects quark spin
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$[ proton flies along z-axis:
nucleon Pt large, Pr =0
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soft factor

parametrization in terms of TMDs, example
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[RALSTON, SOPER NPB 1979], [MULDERS, TANGERMAN NPB 1996]




definition of TMDs §)
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lightlike Wilson lines for ¢ — oo

evolution eqns. for large f

[CoLLINS SOPER NPB (1981)],
[IpILBL,JI,MA,YUAN PRD (2004)]
[AyBAT, ROGERS (2011)] [COLLINS tbp]

Wilson line exp(—ig fpath dgr AL (8))
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Fourier-transformed TMDs
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Fourier-transformed TMDs

f(@,b7) E/dsz TP f(z, p7)
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decomposition as in [Gorke,Mrrz,ScuLEcEL PLB (2005)] but in Fourier-space
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average transverse momentum shift (here: Sivers)

unpolarized quark density in a transversely polarized nucleon
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<py>TU ;= average quark momentum in
transverse y-direction
measured in a proton polarized
in transverse z-direction.

”dipole moment”, “shift”
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lattice method

nucleon nucleon
source sink
(fixed position)  (fixed momentum)

Euclidean

+ t >
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We neglect disconnected
contributions.

input from lattice collaborations

MILC lattices (staggered),
LHPC propagators (domain wall)
[AUBIN ET AL. PRD (’04)] [HAGLER ET AL. PRD (’08)]

v

first exploratory lattice studies

. employ(ed) a straight gauge link
[HAGLER,BM, BT AL. EPL (*09) and arXiv:1011.1213]

0
¢ / -
= No T-odd TMDs

= probably only qualitatively related to
TMDs for SIDIS and Drell-Yan




lattice method

nucleon nucleon input from lattice collaborations
source sink
(fixed position)  (fixed momentum) MILC lattices (staggered),

LHPC propagators (domain wall)
[AUBIN ET AL. PRD (’04)] [HAGLER ET AL. PRD (’08)]
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now: staple-shaped links
@ :

w_of ([l
q - -
Euclidean O
; T ; g spacelike, finite length
= look for plateau at large 7

We neglect disconnected P
contributions. limitations: Cmax = [Pt , V—b% 2= 3a

mN

fdsc fl(l) (z,b2)

Y fz 7O (2, 02)

— lim éllag(_ TaO,O,Ca/lﬂ?) B R(C) ?éat(_b%‘aoao)é.aﬂ,n)
=20 At(=b7, 0,0, ¢, 1) + R(C) BP(=b7,0,0,C, p1,7)

(p,)Tu(|br|; () =m




preliminary lattice results: Sivers shift
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preliminary lattice results: Sivers shift
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preliminary lattice results: Boer-Mulders shift
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(We are still far from that region.)
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preliminary lattice results:

Boer-Mulders shift
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preliminary lattice results: Boer-Mulders shift
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overview: prelim. lattice results at m, = 500 MeV 1

Staple extent v (lattice units)

Signs compatible with phenomenology [AnsELmiNO ET. AL. EPJA (2009)]:

Sivers Shift up 04 Sivers Shift down
up - quarks, s
£=039, S o2
. lor| = 0:36m g weerrrtit s
free " . oo LT
..... Srrasadl B ) down - quarks,
Se it ;
7.5 -02 { it =039,
£ brl = 0.36 fm
-04
DY SIDIS —| — DY SIDIS —|
10 s 0 5 10 o -10 -5 0 5 10

staple extent v (lattice units)

11 0 30 45
(p,)rv=mn([dz flT( ))/(fda: £ = —48+3% MeV (up), 113725 MeV(down)
Boer—Mulders Shift Boer—Mulders Shift
up RS down
e, 3.
) o0

up - quarks, .. g down — quarks, .

¢-03, Tt T= -02F | oo, .

\[n,\ojg_aafm £ \[br\ojiwm "-,HL;_[_L}, s

l— DY SIDIS —| 04 oy SIDIS —|
—00 -10 -5 0 5 10 B —co -10 -5 0 5 10 oo

Staple extent 7| (lattice units)

Staple extent 7| (lattice units)

COMPASS & HERMES data analysis [BAroNE,MELIS,PROKUDIN PRD (2010)]:
Y/ fit =21+01, hi?/fiz* = —1.1 supporting Burkardt’s
mechanism [PRD (2005)] with K from lattice [GOckELER ET. AL. PRL (2007)]



Conclusions

Lattice studies for TMDs as in SIDIS or Drell-Yan are possible
o for ratios of Fourier-transformed TMDs

o using space-like Wilson lines
as in [AYBAT, ROGERs arXiv:1101.5057 (2011)]
and J. Collins’ book (to be published)

proof-of-concept results at m, ~ 500 MeV, |br| = 0.36 fm:
o Sivers: my [dx fJ'(1 (z,b3) / [dx 7Oz, b2)
signs different for up and down quarks
e Boer-Mulders: my [dx ﬁf(l)(x,bQT) / Jdx fl(o)(x,sz) :
same sign for up and down quarks

Major challenge:

o Currently relatively low Collins-Soper evolution parameter é .



